ABSTRACT
INTRODUCTION

30
Chromosomes are packaged and organized non-randomly within the mammalian (Sox2-43T tetO/+ ; Sox2-164T cuO/+ or Control-Control) and a second where we labeled SCR along with a non-specific telomeric locus (Sox2-117T tetO/+ ; Sox2-242T cuO/+ or SCR-Control).
156
In both cases, the genetic distance between labels was similar to that of Sox2-SCR. Both Our pipeline for insertion of these labels into the mouse genome is shown. First, CRISPR-Cas9 is used to place an attP intergrase landing site. Second, a targeting plasmid bearing the compatible attB sequence, the tetO or cuO array, and a selection cassette is introduced along the integrase (Int) to mediate site-specific integration. The selection cassette can then be subsequently removed by Cre/Flp recombinase. B) The Sox2 locus in mouse ESCs. Genomic browser tracks of epigenomic and expression data demonstrate high levels of histone acetylation, RNA polymerase II, and transcription factor (OCT4, SOX2, NANOG, CTCF) occupancy at Sox2 and the distal Sox2 Control Region enhancer (tan boxes). Data from 4C and HiC experiments demonstrate chromosomal contacts at the Sox2 locus. For 4C data, read density indicates contact frequency with a fixed position near the Sox2 promoter (red triangle). Y-axis for browser tracks is reads per million. For HiC, all pairwise contact frequencies are mapped using a heatmap. The intensity of each pixel represents the normalized number of contacts detected between a pair of loci. The maximum intensity is indicated in red square. At bottom, locations of the cuO-and tetO-arrays for the three cell lines utilized for this study. Sox2-8C
cuO/+ ; Sox2-117T tetO/+ (Sox2-SCR) ESCs were used to track Sox2/SCR location. Two control lines, Sox2-43T supplement 1). This is similar in length to the effective tether (~17 kb) between labels expected this label configuration in living ESCs demonstrated a significant shift to more proximal distance 220 values ( Figure 2C,D) . These results are consistent with our expectation that a direct Sox2/SCR 221 interaction would be confined shorter 3D distances than those observed for the Sox2-SCR pair 222 and validate our experimental capacity to measure these differences. Taken together, these 223 data demonstrate no unique characteristics for Sox2 and SCR distances in ESCs. While these 224 observations could suggest very infrequent interaction events, they also may allude to 225 fundamental differences between spatial proximity and the features captured by proximity 226 ligation using 3C approaches (see DISCUSSION).
228
Differentiation of ESCs to Diverse Lineages Correlates with Sox2 Locus Compaction
229
We next differentiated our modified cell lines in order to determine how Sox2 locus Figure 2 . Visualization of the Sox2 Region in ESCs Reveals Minimal Evidence for Sox2/SCR Interactions A) Top, confocal Z slices of CymR-GFP and TetR-tdTom in Sox2-SCR ESCs, labeling the Sox2 promoter and SCR region with bright puncta, respectively. Middle, 3D surface rendering of the ESC nucleus shown above. A single fluorescence channel was rendered white and transparent to outline the nucleus, and GFP and tdTom surfaces were rendered with high threshold to highlight the cuO and tetO arrays, respectively. Bottom, tracking data is rendered for the nucleus shown above. Inset shows example of calculated 3D separation distance between the two labels. Scale bar is 1 um. B) Normalized histogram of 3D separation distance for Sox2-SCR ESCs demonstrates a single peak (Hartigan's Dip Test for multimodality, p = 1). Schematic for an hypothetical looping enhancer-promoter pair is shown as an inset, with two peaks. C) Cumulative density of 3D separation distance for Sox2-SCR versus control comparisons. D) Mean 3D separation distance per cell for each label pair. Population means and standard deviations are shown for each sample. Mann-Whitney, * p < 0.05, ** p < 0.01, *** p < 0.001 precursor cells (NPCs), a cell-type that maintains Sox2 expression despite inactivation of the 3-figure supplement 1). As Figure 3C ). These changes were significant when comparing mean 240 distances per cell between label pairs in NPCs or MES with ESCs ( Figure 3D ). These data
241
suggest the entire Sox2 locus adopts a more compact conformation upon ESC differentiation,
242
regardless of transcriptional status of Sox2.
243
To explore if compaction of the Sox2 locus conformation might be driven by inactivation 
280
To further capture the dynamics of Sox2 organization, we computed the autocorrelation 
295
An important implication of this behavior of chromatin is that first encounter times 296 between loci is highly dependent on the initial configuration of the genomic region ( Figure 4E , 
310
UTR of the Sox2 gene ( Figure 5-figure supplement 1 Distance measurement between two time points are correlated using population statistics, revealing the time scale over which local measurements diverge from the population mean. A cell with low autocorrelation will randomly fluctuate around the population mean, leading the autocorrelation function to quickly decay to zero. A cell with high autocorrelation will deviate substantially from the expected value, only slowly relaxing back to the population mean. In this case, the autocorrelation function will stay significantly above zero for large lag times. D) Autocorrelation function for Sox2-SCR, Control-Control, and SCR-Control pairs demonstrates significant autocorrelation at large lag times, indicating significant memory in 3D conformation across a 20 minute window. The plotted values are mean ± 95% CI. E) Percent of cells with an encounter between Sox2 and SCR (defined as within 100 nm) shown as a function of the initial separation distance measured for the cell. Likelihood of an encounter is sharply dependent on the initial conformation of the locus.
proper expression of both wild-type SOX2 and the SOX-P2A fusion ( 
375
We next considered the possibility that Sox2/SCR proximity might precede 428 Surprisingly, we also observe no association between Sox2/SCR proximity and Sox2 429 transcription in real time. Indeed, we detect no correlation between transcriptional activity and 430 instantaneous Sox2/SCR distances, no reduction in Sox2/SCR distances prior to transcriptional 431 bursts, and no tendency for transcriptionally active cells to display reduced Sox2/SCR distance.
432
These results strongly suggest that direct interactions between Sox2 and SCR do not lead to 
435
The Sox2 locus displays distinct behavior from an enhancer reporter recently used to 
505
ESCs were allowed to recover for 3 days, followed by 7 days of drug selection using 500 ug/mL 506 G418 and either 1 ug/mL puromycin or 8 ug/mL blasticidin in antibiotic-free media. After drug 507
517
Electroporated ESCs were given 3 days to recover, followed by 5 days of puromycin selection.
518
Approximately 5000 cells were subsequently seeded on a 10cm dish for clone isolation (see 
565
Differentiation of NPCs to neurons and astrocytes
566
To differentiate NPCs to astrocytes, 30,000 cells were plated onto coverglass within a 24 567 well pre-treated with poly-D-lysine and laminin. The following day, cells were switched to N2B27 568 with 10 ng/mL BMP4 (R&D Systems #314-BP) and allowed to differentiate for 12 days.
569
To differentiate NPCs to neurons, 30,000 cells were plated onto coverglass within a 24 570 well pre-treated with poly-D-lysine and laminin. The following day, cells were switched to N2B27 571 with 10 ng/mL FGF basic and allowed to differentiate for 6 days. Cells were then switched to 572 N2B27 without additional factors and grown for 6 days.
574
Differentiation of Cardiogenic Mesodermal Precursors from ESCs
575
ESCs were dissociated and seeded to form embryoid bodies at 1 million cells per dish in 
619
Antibodies used were anti-SOX2 (Santa Cruz #sc-365823, Lot# K1414) and anti-b-actin (Abcam
620
Cambridge, UK, ab8227, Lot# GR92448-1).
622
Quantitative PCR
623
RNA was extracted from 500,000-1,000,000 millions using 
651
(ThermoFisher P36975). If the cells to be imaged also expressed CymRHalox2, 100 nM of
652
JF646 was also added to the media. After a one hour incubation, we added this media to the
653
ESCs to be imaged.
654
NPCs were plated at least 8 hours prior to imaging on a 8-chambered coverglass pre-to be imaged. 
676
Imaging data for each condition is composed of a minimum of three imaging sessions,
677
except for cardiogenic mesodermal cultures, in which duplicate differentiations were performed.
679
Image Processing al., 2012).
686
Image Analysis
687
Tracking Loci
688
Maximum Z-projections of 3D time series were manually analyzed to identify cuO/CymR 
722
Relative Displacement
723
The relative position of spot1 (CymRGFP) with respect to spot2 (TetRtTom) for the th 724 dimension was calculated as follows:
The relative displacement was then calculated as the change is the relative position of spot 1. 
728
where is the current frame and is the number of dimensions.
730
Angle between Displacement Vectors in the XY Plane
731
We calculated the displacement vectors of two adjacent frames. 
750
Confidence intervals were computed by bootstrapping and recalculating ( ) across 1000
751
simulations to estimate 95% confidence.
753
Distribution Distances and Clustering
754
The distance between 3D distance probability distributions from two cell lines or cell 755 types was computed using earth mover's distance (EMD). Briefly, the earth mover's distance is
756
the minimum cost to convert one probability distribution to the other over a defined region. We calculated pairwise EMD for each 3D probability distribution using the R package earthmovdist.
758
Complete-linkage hierachical clustering was then performed to generate a dendrogram.
760
MS2 Signal Identification and Quantification
761
3D time-lapse images of tdMS2cp-tagRFP-Tx2 were converted into 2D images by 
795
Aligned Sox2 Burst Analysis
796
To align our MS2 data across all Sox2 bursts, a defined window was sampled for each 797 burst centered on the burst initiation event. We subsequently generated a randomly sampled 
804
Browser tracks
805
Unless wiggle files were available as part of the accession, sequencing read archives
806
(SRA) were downloaded from NCBI and reads were aligned to the mm9 mouse genome using were extended by 200 bp and allocated into 25 bp bins to generate wiggle files. HiC data was 
1171
Hum. Genet. 14, 67-84. 
1407
Thurman, R.E., Rynes, E., Humbert, R., Vierstra, J., Maurano, M.T., Haugen, E., Sheffield, Normalized histograms of relative step size and change in 3D separation distance for adjacent frames. Mean value is highlighted by a red line. C) Measurement of the XY plane angle made between two successive displacement vectors demonstrates pronounced bias towards a locus "bouncing back" to its position preceding a given step. Statistical test for bias was performed using Kuiper's Test for Uniformity. ** is p < 0.01. 
